Non-technical summary Periodic signals are abundant in the sensory environment. Processing of rhythmic signals associated with animal communication and locomotion may be important for the animal's survival. Using electrophysiological recording from rat visual cortex, we found that periodic visual signals can influence neural activity over a larger distance in the cortex than non-periodic signals. Parallel human psychophysical experiments on the perception of local stimulus brightness also showed similar modulation by distant periodic visual signals.
Introduction
Periodic signals are abundant in the sensory environment. For example, rhythmic signals are commonly found in animal communication and social interaction (Heiligenberg, 1973; Lester et al. 1985; Pollack, 2000) . Animal locomotion is dominated by rhythmic patterns (Grillner, 1985 (Grillner, , 2003 , and sensory processing of these patterns may be important for prey detection (Link et al. 1986) . Given the perceptual importance of periodic stimuli, an interesting possibility is that sensory circuits employ mechanisms that specifically facilitate the processing of periodic signals.
Since neuronal networks exhibit various forms of oscillatory activity, periodic sensory stimuli may elicit distinct responses due to their interactions with network oscillations (Buzsaki & Draguhn, 2004) . Indeed, recent studies have shown that network activity can be entrained by rhythmic sensory stimuli on a variety of time scales. In the optic tectum of zebrafish larvae, periodic visual stimulation can entrain the ensemble activity of tectal neurons, such that their rhythmic activity persists for a few cycles after visual stimulation (Sumbre et al. 2008) . In the medial geniculate body of the guinea pig, periodic auditory stimulation can entrain the slow oscillation of thalamic neurons, which can also persist for several cycles (Gao et al. 2009 ). These studies indicate that periodic sensory stimulation can influence neural activity over a period beyond the duration of stimulation.
Given these interactions between the periodic stimuli and the oscillatory dynamics of neural networks, local neural activity evoked by periodic sensory stimuli may also propagate over a larger network. To test this possibility, we examined the effect of periodic visual stimuli applied outside the receptive field (RF) of rat primary visual cortical neurons, using whole-cell recording of the membrane potential. We found that these stimuli indeed caused significant membrane potential and spike rate oscillations. In contrast, aperiodic stimuli at the same location and mean frequency were much less effective. The perceptual significance of such a long-range effect in the cortex was demonstrated by further human psychophysical experiments. We showed that the perceived brightness of a centre stimulus can be selectively modulated by periodic stimulation in the far surround. Thus, in addition to their extended temporal influence via entrainment of network oscillations, periodic sensory stimuli can also modulate neural activity and perception over a larger spatial scale than aperiodic stimuli.
Methods

Physiology
Electrophysiological recordings were obtained on 46 adult Sprague-Dawley rats (280-350 g). All experiments were performed in accordance to US NIH guidelines and approved by the Animal Use Committee of Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. Our procedures conformed to the policies and regulations of The Journal of Physiology (Drummond, 2009 ).
Surgery and preparation. Rats were anaesthetized with pentobarbital (initially with 80 mg kg −1 , 2-4 h later supplemented with 16 mg kg −1 h −1 , intraperitoneal). After tracheotomy, the animal was restrained in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). Body temperature was maintained at 37.3-37.8
• C via a heating blanket with feedback control (F.H.C., Brunswick, ME, USA). A small craniotomy (1.0-1.2 mm diameter) was made above the right occipital cortex (6-8 mm posterior to Bregma, 3.0-4.5 mm lateral to the middle line), and a small piece (0.2-0.4 mm in diameter) of dura was removed. The stimulated eye was fixed to a metal ring to prevent eye movement and irrigated with saline. After each experiment, the rat was killed by rapid cervical dislocation.
Electrophysiology and visual stimulation. In order to monitor subthreshold membrane potential effects of distant visual stimuli, we used whole-cell recording from V1 neurons of anaesthetized rats, which were under continuous intraperitoneal infusion of pentobarbital (16 mg kg −1 h −1 ). Perforated whole-cell recordings were obtained with glass pipette from cells 0.3-1.8 mm beneath the pial surface. Patch pipettes with tip opening of 2.5-3.0 μm were pulled from borosilicate glass tubing (Kimble Glass Inc.) and had a resistance of 3.0-4.5 M in bath solution. Internal solution (pH 7.3) contained (in mmol l −1 ): 136.5 potassium gluconate, 17.5 KCl, 9.0 NaCl, 1.0 MgCl 2 , 10.0 Hepes, 0.2 EGTA, and 0.5 mg ml −1 amphotericin B (Sigma, St Louis, MO, USA). A positive pressure was applied to the pipette while it was advanced perpendicularly to the cortical surface by motor-driven manipulators (SD Instruments, Grants Pass, OR, USA and Sutter Instruments, Novato, CA, USA) at a speed of 15-25 μm s −1 . All recordings were made under the current clamp mode. Signals were acquired and low-pass filtered at 1 kHz with a patch-clamp amplifier (Axopatch 200B, Axon Instruments, Foster City, CA, USA), and sampled at 1 kHz by a PCI-6040E data acquisition card (National Instruments, Austin, TX, USA). Recording and analysis were performed by custom software running in Matlab (Mathworks, Natick, MA, USA). The resting membrane potential ranged from −50 to −70 mV without correction for liquid junction potential, which was −13 mV in the conventional aCSF (Wang et al. 2003) .
For visual stimulation, we used a small LCD monitor (4 × 7 in, Xenarc Tech. Corp.) with a refresh rate of 60 Hz, and maximal luminance of 190 cd m −2 (measured with Spyder 3 Pro, DataColor). The LCD was placed at 1.5 cm from the left eye and visual stimuli were generated by a PC (Hewlett-Packard, Dx 5150 MT). Receptive fields (RFs) were mapped by brief flashes (45-55 ms per flash) of a bright square (17.7 deg × 17.7 deg) at each of 7 × 7 positions in a pseudorandom order (100-200 repeats at each position) on a dark background. RF size was determined by curve fitting with 2D Gaussian function and its boundary was shown at 2 times standard deviation (Fig. 1A) . To test the effect of periodic stimuli, a bright square (of the same size as those used to map RF) was flashed on the dark background outside the RF (radius: 31.5 ± 2.9 deg, mean ± SEM) of the neuron, usually 40-55 deg from the RF centre. To compare the effects of periodic and aperiodic stimuli with the same mean frequency, blocks of these two types of stimuli were presented in an interleaved manner. For each experiment, 20-40 blocks (100 flashes per block) were presented with 10 s intervals between consecutive blocks. Using a photodiode to record the temporal profile of the flash visual stimuli, we found that the flash presented by the LCD had a transition time of 10-15 ms, thus could be depicted as a step light pulse at the frequencies used in these experiments.
Data analysis. To determine the significance of the observed membrane potential oscillation induced by periodic surround stimuli, for each experiment we generated 5000 surrogate signals by random sampling (Yao et al. 2007) . For each experiment, the amplitude of induced membrane potential oscillation was measured from the average trace shown in Fig. 1B , which was obtained by averaging the responses recorded in multiple (N ) trials of surround stimulation, all aligned by the stimulus onset time. Each surrogate signal was averaged from the same number (N ) of segments of the recording. However, these segments were selected randomly, not aligned by the stimulus onset time. Since such random sampling disrupts signals that were time-locked to the stimulus but preserves the general statistics of the membrane potential fluctuations, it provides a good assessment of the expected amplitude of membrane potential oscillation due to noise. If the observed membrane potential oscillation was due to noise, the amplitude should fall well within the amplitude distribution of the 5000 surrogate signals. However, we found that in most cases the amplitude of the measured membrane potential oscillation was significantly higher than chance at P < 0.05 (see Results).
The modulation of membrane potentials by visual stimulation was quantified by their coherence (C xy ), a value (between 0-1) that measures the contribution of one signal (x) to another (y) within a specific frequency band (f ). We calculated coherence using the formula (Matlab):
where P xy represents cross spectral density between x and y, P xx and P yy are auto-spectral densities of x and y, and Visual stimulation. Visual stimuli were generated by a PC (Lenovo, Thinkcentre MT-M 9439 ICC) and presented on an LCD monitor (11.8 in × 18.5 in, Samsung, 1024 × 768 pixels, refresh rate, 60 Hz; maximum luminance, 149 cd m −2 , measured with Spyder 3 Pro, DataColor) at a fixed viewing distance of 5 cm. We chose this short distance because the periodic visual stimuli were applied at the far surround of the subject's visual field; a longer viewing distance would require a stimulus monitor too large to be practical. To avoid discomfort to the subject, we allowed each subject to terminate the experiment voluntarily if they felt uncomfortable. However, none of the subjects withdrew from the experiment due to discomfort. During the test, the luminance of the centre test stimulus was kept constant (41 cd m −2 ), and that of the far surround region (circular ring, 7 deg width) varied between 0 and 149 cd m −2 in a step manner with an average frequency of 1.25 Hz (Fig. 4A) . Aperiodic stimuli and periodic stimuli at the surround had the same mean duration (400 ms) for both the bright and dark level.
Test procedure. For the test, the subject was instructed to view the centre test region (constant grey) with one eye, and the surround stimuli were presented in blocks, with the intervals (<1 min) between blocks determined by the subject. Each block consisted of periodic or aperiodic far-surround stimuli of a fixed total number of cycles (randomly selected among 1, 4, 7 or 10 cycles). The subject's task was to adjust immediately, at the end of each block, the luminance of the centre test region that J Physiol 589.13 matched the maximal (or minimal) brightness perceived during that block. Two trials were performed for maximal and minimal brightness matching separately, with each trial consisting of 36 blocks. The first 4 blocks of each trial were regarded as practice tests and the data were discarded. In the remaining 32 blocks, each of the randomly selected periodic or aperiodic stimulus cycle number (1, 4, 7 or 10) appeared 4 times. The maximal or minimal brightness level perceived by the subject was determined by averaging these four repeats. The difference between the maximal and minimal perceived brightness levels was regarded as the magnitude of brightness induction caused by the surround stimulation.
Results
Membrane potential oscillation of V1 neurons induced by distant periodic stimuli
To examine the cortical responses evoked by periodic visual stimuli, we made perforated whole-cell recordings from neurons in the primary visual cortex (V1) of anaesthetized adult rats (see Methods). Cells were sampled throughout the entire cortical depth. For each neuron, we measured its membrane potential in response to a bright square flashed at different locations in the visual field in a random sequence (random flash stimuli, see Methods) and obtained the stimulus-triggered average of membrane potential responses.
The size of RFs, as determined by curve fitting of averaged membrane potential response profiles (7 × 7 positions) with a 2D Gaussian function (Lim et al. 2010) , was found to be 31.5 ± 2.9 deg (radius, mean ± SEM, n = 20). The RFs determined by membrane potential responses were in general larger than those by neuronal spiking. Figure 1A shows the spatiotemporal RF of an example neuron. At the RF centre (pixel 4), the flashed stimulus evoked a strong depolarization with short onset latency. At nearby pixels (e.g. pixel 2), the responses were weaker and the onset latencies were longer, and no detectable response was observed (traces in lower panel) at a pixel far from the RF centre (white square, pixel 7). However, when the bright square was flashed periodically (2.5 and 3.3 Hz) at pixel 7, it exerted robust influence on the membrane potential of the cell. Power spectra of the membrane potential fluctuations recorded during the periodic stimulation showed narrow peaks at the stimulation frequency (Fig. 1B , upper panel, black line). For comparison, we also plotted the control power spectra of the membrane potential recorded in the absence of visual stimulation (grey line). The overall profiles of the control spectra were very similar to those recorded during surround stimulation, except for the sharp peak at the stimulation frequency. Thus, periodic surround stimulation induced an increase in the activity specifically at the stimulation frequency without affecting the overall spectrum.
The membrane potential traces averaged across multiple trials of the periodic stimuli also exhibited clear oscillation at the stimulation frequency (Fig. 1B, lower  panel) . To determine the significance of the membrane potential oscillation for the population of cortical neurons tested, for each recording we generated 5000 surrogate signals, each averaged from randomly selected segments of the recorded membrane potential (see Methods). Comparison of the measured average trace (e.g. Fig. 1B ) and the 5000 surrogate traces allowed us to determine whether the measured membrane potential oscillation was significantly higher than chance. Significant membrane potential oscillations (P < 0.05) were evoked by periodic stimuli between 1 and 11 Hz for the majority of cortical neurons tested (1 Hz: 14/17; 2.5 Hz: 7/9; 5 Hz, 5/7: 11 Hz: 4/7), but the oscillation amplitude decreased with the frequency (Fig. 2A) . To assess the functional impact of the induced membrane potential oscillations, we also analysed the spiking output of the neurons. For neurons with spiking, we found that periodic surround stimulation also induced significant periodic spiking activity (Figs 1B and 2B) . This suggests that the periodic surround stimuli can also modulate the spiking output of these V1 neurons. To further examine the spatial extent of the influence of periodic stimuli, we measured the amplitude of membrane potential oscillation as a function of the distance of the stimulus from the RF centre. The profile of the amplitude-distance relationship fell off more slowly than the RF profile measured by random flash stimuli ( Fig. 2C , P = 0.003 at 40 deg, P = 0.0002 at 50 deg, Student's paired t test). This result suggests that periodic stimuli exert modulation over a larger spatial scale than that indicated by the neuronal RF.
In the above experiment using random flash stimuli, the mean frequency (0.29 Hz) at which the stimulus was flashed at each location was lower than the frequency of the periodic stimuli. This could have contributed to the difference in spatial profile shown in Fig. 2C . To further test whether the effect at large distances is specific to periodic stimuli, we compared the stimulus-triggered average of the membrane potential in response to the periodic and aperiodic stimuli of the same mean frequency applied at the same location (Fig. 3A) . While the periodic surround stimuli evoked clear membrane potential oscillations, the aperiodic stimuli evoked much weaker or non-detectable responses, consistent with the RF mapped with random flash stimuli. To compare quantitatively the efficacy of the periodic and aperiodic stimuli in modulating neuronal activity, we computed the coherence between the stimulus and the response for each type of stimuli (see Methods). Figure  3B summarizes the mean coherence between 0 and 15 Hz for the periodic and aperiodic stimuli for the same cells (n = 13). We found that the coherence for periodic stimuli was significantly higher than that for the aperiodic stimuli (P = 0.001, Student's paired t test). These results confirmed the notion that, beyond the neuronal RF, periodic visual stimulation is more effective than aperiodic stimulation in modulating neuronal responses.
Perceptual modulation induced by periodic stimuli in distant surround
We next examined the consequences of the long-range cortical modulation by periodic stimuli on human visual perception. Previous psychophysical studies have shown that periodic luminance changes in a distant surround can lead to oscillation in the perceived brightness of a centre stimulus . Next, we examined whether such a long-range modulation is specific to periodic stimulation by comparing the effects of periodic vs. aperiodic surround stimuli on brightness perception. Human subjects were asked to adjust the luminance of the centre region (immediately after the test) to match the maximal and minimal perceived brightness during the test (see Methods, Fig. 4A ) with the luminance of the distant surround changing either periodically or aperiodically for 10 cycles (Fig. 4B ). For 49 subjects tested, we found that the magnitude of brightness induction, as measured by the difference between the maximum and minimum of the perceived brightness, was significantly larger for the Lower panel: difference between the maximal and minimal levels of the perceived brightness (arrows) was used to measure the magnitude of brightness induction. B, schematic illustration of periodic and aperiodic stimuli. C, summary of the results from 49 subjects. Magnitude of brightness induction was significantly stronger for periodic (black circles) than for aperiodic (grey triangles) stimuli (P = 0.01, Student's paired t test).
periodic stimuli (P = 0.01, Student's paired t test) (Fig. 4C ). This contextual modulation of brightness perception may be mechanistically related to our observation in rat V1 that modulation of cortical neural activity by distant stimulation is more effective for periodic than for aperiodic signals.
Temporal build-up of cortical oscillation and brightness induction
Previous studies have shown that periodic sensory stimuli can entrain the oscillation of neural circuits (Sumbre et al. 2008; Gao et al. 2009 ), resulting in temporal build-up of the oscillation amplitude at the entrained frequency. To test whether there is a temporal build-up of the membrane potential oscillation induced by distant periodic stimuli, we applied continuous distant stimulation at 3 Hz and measured the amplitude of the oscillation as a function of the stimulation cycle number. As shown in Fig. 5A , the oscillation amplitude increased significantly with the stimulation cycle number (Fig. 5A , black circles, P = 0.008, Page's test, n = 17). In contrast, periodic stimuli within the RF induced an instantaneous oscillation that decreased significantly in amplitude over time (Fig. 5A , grey diamonds, P < 10 −5 , n = 8), presumably as a result of response adaptation (Maffei et al. 1973) . This indicates that the gradual build-up is specific for the responses to distant surround stimulation. If brightness induction by periodic stimulation in distant surround (Fig. 4) is indeed related to the cortical oscillation (Figs 1, 2 and 3) , we would expect similar build-up of brightness induction in human psychophysical experiments. To test this prediction, we varied the number of cycles (1, 4, 7 or 10) of periodic or aperiodic surround stimuli and measured the magnitude of brightness induction as a function of the number of cycles. We found that the magnitude of the perceived brightness change increased significantly with the total number of cycles of the periodic surround stimuli, indicating build-up at the perceptual level (Fig. 5B , black circles, P = 3 × 10 −5 , Page's test, n = 49). The increase of the magnitude from 7 to 10 stimulus cycles was less pronounced, and the difference between them was not statistically significant (P = 0.4), suggesting saturation of the effect. The time course of the build-up was comparable to that found for cortical neuronal oscillation, further supporting the idea of shared circuit mechanisms. In contrast, we found no build-up of perceived brightness change for aperiodic surround stimuli (Fig. 5B , grey triangles, P = 0.2, n = 49).
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Discussion Using whole-cell recording from cortical neurons and psychophysical measurement of human visual perception, we have shown that periodic stimuli can exert significant effects over larger regions of the visual field than aperiodic stimuli. The amplitude of this effect increases with the number of stimulation cycles, allowing long trains of periodic stimuli to exert global modulatory effects on visual processing.
In our study, distant visual stimulation outside the RF (as determined by membrane potential responses) was ineffective in triggering a neuronal response when a single stimulus was applied at random (or aperiodically). However, robust oscillation of both subthreshold membrane potential and spiking activity was induced by distant periodic stimuli ( Figs 1B, 2A and 2B) . Furthermore, the strength of such oscillation depends on the distance of the periodic stimulus from the RF centre (Fig. 2C ). Our finding is consistent with and further accounts for the previous observation using extracellular recording in anaesthetized cat V1 that periodic luminance changes outside the neuronal RF (as determined by spiking responses) were found to evoke oscillatory spiking activity. In addition to brightness induction, periodic stimuli are also effective in inducing other long-range perceptual modulation, such as the induced-motion illusion (Robinson & Moulton, 1978) , the neural correlates of which remain to be examined.
In principle, the periodic surround stimuli may induce neuronal oscillation either through the intracortical circuit or at earlier stages along the visual pathway. In a previous study using intracellular recording from visual cortical neurons (Bringuier et al. 1999) , stimuli applied outside of the classical RF (defined as the 'minimal discharge field') were found to evoke subthreshold responses. The latency of the response increased with the distance of the stimulus from the RF centre, which was attributed to signal propagation through intracortical horizontal axons. In our study, the subthreshold RF measured with random flash stimuli (Fig. 1A) included regions outside of the classical RF. Furthermore, we have demonstrated that periodic stimuli can evoke membrane potential oscillations from even greater distances (Fig. 2C) . This long-range effect could also be mediated by intracortical connections.
The cortical response evoked by periodic stimuli near the RF centre was found to decrease over multiple stimulus cycles (Fig. 5A) . This is likely to be related to sensory adaptation of cortical responses mediated by short-term synaptic depression (Abbott et al. 1997; Chung et al. 2002) . In contrast, the amplitude of membrane potential oscillations evoked by stimuli in the far surround showed a gradual increase (Fig. 5A ). This may be caused by entrainment of the neuronal network by the periodic stimulation, which has been observed in several sensory circuits (Sumbre et al. 2008; Gao et al. 2009 ). Thus, the time course of the oscillatory response of each cortical neuron may depend on the counterbalance between synaptic depression and network entrainment.
In conclusion, through parallel in vivo physiological recording of cortical responses and human psychophysical measurement, our study has pointed to a potential cortical mechanism mediating long-range perceptual modulation by periodic visual inputs. Recent studies have shown that the neural representation of these stimuli can be extended temporally via entrainment of circuit oscillations (Sumbre et al. 2008; Gao et al. 2009 ). Our results show that Figure 5 . Temporal build-up of membrane potential oscillation in rat V1 and brightness induction in human subjects A, amplitude of membrane potential oscillation plotted against the stimulation cycle number, for periodic stimuli presented inside (grey diamonds) and at the surround of (black circles) the RF. The amplitude increased for surround stimuli (P = 0.008, Page's test) but decreased for centre stimuli (P < 10 −5 ). B, magnitude of brightness induction as a function of the number of stimulation cycles for 49 subjects, for periodic (black circles) and aperiodic (grey triangles) stimuli presented at the far surround. The magnitude increased with the number of cycles for periodic stimuli (P = 3 × 10 −5 , Page's test) but not for aperiodic stimuli (P = 0.2).
the representation of such stimuli can also be extended spatially by propagation of cortical oscillations.
